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Graphical abstract 
 
 
Research highlights 
 Hierarchical 3D wool-ball-like ZnO nanostructures were synthesized via a solvothermal method. 
 
 3D wool-ball like ZnO/MWCNT composites with different ratios (3:1, 5:1, and 10:1) were prepared. 
 
 The 3D wool-ball like ZnO/MWCNT composite showed high response and good selectivity to SO2 gas. 
 
 
 
Abstract 
This work reports a facile glycerol-assisted solvothermal method for synthesizing hierarchical three-dimensional 
(3D) wool-ball-like zinc oxide (ZnO) nanostructures and their subsequent modifications with multi-walled carbon 
nanotubes (MWCNTs) as modifiers for achieving sensitive and selective detection of toxic sulfur dioxide (SO2) gas. 
Structurally, the as-synthesized 3D wool-ball-like ZnO is assembled of two-dimensional (2D) plate-like structures, which 
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themselves are arranged by numerous small nanoparticles. Furthermore, in this work we observed an interesting new 
phenomenon in which when a high concentration of MWCNTs is introduced, many small nanorods grew on the surface of 
the plate-like structures which assemble the 3D wool-ball-like ZnO nanostructures. When evaluated for SO2 detection, the 
ZnO/MWCNTs (10:1) composite (ZnO:MWCNTs= 10:1) shows a high response of 220.8 to 70 ppm of SO2 gas 
(approximately three times higher than the response of pure wool-ball-like ZnO) at an optimum operating temperature of 
300 °C. Additionally, the composite also displays good stability and selectivity to SO2 with the response to 50 ppm of SO2 
being 7-14 times higher than the responses to other tested gases at a similar concentration. The excellent sensing 
performance of the wool-ball-like ZnO/MWCNTs (10:1) composite is mainly attributed to: (i) the formation of p-n 
heterojunctions at the ZnO/MWCNTs interfaces, which greatly enhances the resistance changes upon exposure to SO2 gas 
and (ii) the increased amount of adsorption sites for O2 and SO2 gas molecules owing to the larger surface area of the 
composite and defects sites generated by the functionalization process of MWCNTs. 
Keywords: zinc oxide, porous metal oxides, sulfur dioxide sensor, gas-sensing, carbon nanotubes, metal oxide 
nanocomposites 
 
1. Introduction 
In recent years, the development of gas sensors for the environmental monitoring of toxic gases has become an 
increasingly important issue due to the growing concerns regarding air pollution in the world. Among various noxious 
gases, sulfur dioxide (SO2) is one of the most toxic and common air pollutants.[1] SO2 is generated in the environment 
mainly from the combustion of sulfur-containing compounds such as coal and fuel oil and natural reactions such as 
volcanic eruptions and forest fires.[2, 3] Furthermore, it can interact with the water vapor in the atmosphere and becomes 
converted to sulfuric acid which contributes to the acid rain, which causes acidification of lakes and streams, accelerates 
corrosion of buildings and reduces visibility.[1] In addition, SO2 also promotes the formation of microscopic acid 
aerosols, which have serious health implications as well as contributing to climate change. SO2 is highly toxic to humans 
as repeated exposure to low concentrations of SO2 (<5 ppm) can lead to breathing problems, respiratory illnesses, poorer 
lung defense, and worsening respiratory and cardiovascular diseases.[1, 2] For humans, the acceptable long-term and 
short-term exposure limits of SO2 gas are 2–5 ppm, respectively, however the acceptable limit of SO2 in ambient air is 
significantly lower.[3]  
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 To date, various sensors have been developed for SO2 detection including optical,[4] chromatography,[5] 
conductometric, surface acoustic wave (SAW),[6] and Fourier transform infrared spectrometry.[7] Among these, 
conductometric sensors based on metal oxide semiconductors (MOS) are the most widely used due to their low cost, high 
sensitivity, and ease of fabrication and processing.[1] Many MOS such as tin oxide (SnO2),[8, 9] zinc oxide (ZnO),[10, 
11] tungsten oxide (WO3),[12, 13] and titanium dioxide (TiO2)[14, 15] have been exploited in conductometric gas sensors. 
ZnO which possesses a wide band gap 3.3 eV and a high exciton binding energy of ~60 meV is among the most widely 
investigated MOS for gas sensors, owing to their high thermal and chemical stabilities, low synthesis cost, highly 
controllable morphology, as well as high sensitivity to many gases.[10]  To date, various ZnO nanostructures including 
1D (nanorods,[16-18] nanowires,[19] nanotubes[20]), 2D (nanoplates,[21] nanoflakes,[22] nanosheets[23, 24]) and 3D 
(flower-like,[25, 26] urchin-like[27]) have been reported. Among these, hierarchical 3D ZnO nanostructures have 
attracted significant interests as they possess both high surface area and porosity, which lead to a high amount of active 
sites and improved adsorption of gas molecules. To date, 3D ZnO nanostructures have shown high sensitivity to 
ethanol,[28] NH3,[29] and acetone.[30] However, the sensitivity of pristine ZnO nanomaterials toward SO2 gas tend to be 
relatively low and require further modifications to enhance their practical applicability.[1]  
At present, various methods are available for enhancing the gas-sensing performance of metal oxide-based sensors, 
including surface, interfacial and structural modifications.[16, 31, 32] Surface modifications utilize catalytic reactions 
which can increase surface reaction rates in order to enhance the sensing response and/or lower the optimum operating 
temperature of metal oxide-based sensors. Generally, surface modifications rely on the use of catalytically active noble 
metals such as gold (Au),[33] silver (Ag),[34, 35] platinum (Pt),[36] and palladium (Pd).[37] However, the high cost of 
noble metals metal made this method rather unfavorable for practical gas sensor applications. Interfacial modifications 
combine two materials of similar or different types of semiconductors to form n-n,  p-p, or  p-n heterojunction.[31] In 
comparison, structural modifications rely on the size reduction or morphological modification of the sensing materials to 
enhance their specific surface area and therefore, the amount of available active sites for gas adsorption or to expose the 
most active crystal facets.[16, 22] Carbon nanomaterials such as graphene oxide, single- (SWCNTs) and multi-walled 
carbon nanotubes (MWCNTs) have been proposed as potential modifiers to metal oxide sensors owing to their large 
surface area and high electrical conductivity at low temperatures. However, carbon materials such as MWCNTs exhibit 
strong sp2 bonds, leading to poor chemical reactivity with most gas molecules and they can react only when exposed to 
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strong oxidizing or reducing gases. As a consequence, bare MWCNTs tend to be insensitive, non-selective, irreversible, 
and slow in responding and/or recovering.[38] Modifications of MWCNTs with noble metals have been shown to enhance 
their sensing response to gases such as NH3,[39] CO, ethanol.[40] However, such methods tend to be expensive and 
unfavorable for practical applications. Therefore, the modification of MWCNTs with cheaper metal oxides may offer a 
more promising way of overcoming their limitations for gas-sensing applications.  
Herein, we report synthesis of three-dimensional (3D) wool-ball-like ZnO particles assembled by two-dimensional 
(2D) plate-like sub-units, which themselves are arranged by hexagonal-shaped nanoparticles using a glycerol-assisted 
solvothermal approach. The effects of reaction time and concentration of glycerol on the formation mechanism of the 
wool-ball-like ZnO precursor particles were studied. Moreover, to induce interfacial modifications, the wool-ball-like 
ZnO particles were subsequently modified with MWCNTs at different ratios from 10:1 to 3:1. Interestingly enough, when 
a high concentration of MWCNTs is introduced, the formation of many small nanorods the surface of the plate-like 
subunits assembling the 3D wool-ball-like ZnO is observed. To the best of our knowledge, such a unique phenomenon has 
not been reported in previous literatures related to ZnO. The effect of the amount of MWCNTs on the SO2 sensing 
performance of the wool-ball-like ZnO sensor was investigated in terms of sensitivity, selectivity, and stability. Among 
the three composite sensors, the wool-ball-like ZnO/MWCNTs (10:1) sensor displays the highest sensing response of 
220.8 to 70 ppm of SO2 gas, which is roughly three times that of the pure wool-ball-like ZnO sensor at an optimum 
operating temperature of 300 °C. The combined use of interfacial and structural modifications demonstrated in this study 
may assist in future development of highly sensitive and selective sensing materials for the detection of environmentally 
hazardous gases.  
 
2. Experimental section 
2.1 Functionalization of multi-walled carbon nanotubes (MWCNTs) 
The procedure for the functionalization of the MWCNTs was similar to a previous report.[41] In a typical process, 
300 mg of MWCNTs (Fig. S1a-c, ESI) were dispersed in a mixture of nitric acid (HNO3) and sulfuric acid (H2SO4) with 
ratio 3:1. The suspension was sonicated at 80 °C for 3 h and subsequently washed and rinsed with distilled water for 
several times until the pH became neutral. The functionalized MWCNTs were then dried at 80 °C for 16 h and used for 
further experiments. 
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2.2 Synthesis of hierarchical 3D wool-ball-like ZnO nanostructures 
In a typical procedure, 0.5 mmol of ZnNO3.6H2O was dissolved in 40 mL of 2-propanol. Next, 8 mL of glycerol 
was added into the mixture solution and stirred until homogenous mixed. Following this, the mixture solution was 
transferred into a 100 mL stainless steel-lined Teflon autoclave and heated at 180 °C for 16 h. The obtained precipitate 
was subsequently rinsed with ethanol several times followed by drying at 60 °C for 6 h. The dried powder was finally 
calcined at 350 °C for 2 h with heating rate 1 °C min−1 to obtain the wool ball-like ZnO nanostructures. To investigate the 
growth mechanism of the wool-ball-like ZnO, additional experiments were carried out using different amount of glycerol 
(0 ml, 2 ml, 4 ml, 8 ml, and 10 ml) and different reaction time (2 h, 4 h, 8 h, and 16 h). 
2.3 Synthesis of hierarchical 3D wool-ball-like ZnO/MWCNTs composites 
A certain amount of MWCNTs was dispersed in 40 mL of 2-propanol and sonicated for 1 h. Next, 0.5 mmol of 
ZnNO3.6H2O was added into the suspension and stirred for 30 minutes. Following this, 8 mL of glycerol was added into 
the solution and stirred for another 30 minutes. After that, the mixture solution was transferred into a 100 mL stainless 
steel-lined Teflon autoclave and heated at 180 °C for 16 h. The obtained precipitate was then washed with ethanol for 
several times and dried at 60 °C for whole night. The as-synthesized powder was finally calcined at 350 °C for 2 h with 
heating rate 1 °C min−1 to obtain the wool-ball-like ZnO/MWCNTs nanocomposite. In this study, three different 
ZnO/MWCNTs composites were prepared using three different ZnO:MWCNTs ratios of 10:1, 5:1, and 3:1 and 
accordingly, these samples are labeled as ZnO/MWCNTs (10:1), ZnO/MWCNTs (5:1), and ZnO/MWCNTs (3:1) 
composites. 
2.4 Characterization 
X-ray diffraction patterns of the samples were obtained with a Rigaku RINT 2500X diffractometer using 
monochromated Cu-Kα radiation (λ= 1.5418 Å). The morphology and microstructure of the products were examined 
using the field-emission scanning electron microscope (FESEM) (Hitachi SU-8000) and transmission electron microscope 
(TEM) (JEOL JEM-2100F). The thermogravimetric analysis (TGA) was performed using a Hitachi HT-Seiko Instrument 
Exter 6300 TG/DTA under an air atmosphere with a constant heating rate of 10 °C min−1 from room temperature to 800 
°C. The nitrogen (N2) adsorption-desorption measurements of the samples were performed using a Belsorp-mini II 
Sorption System at 77 K. The specific surface areas of the samples were measured using the multipoint Brunauer-
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Emmett-Teller (BET) method at a relative pressure (P/P0) range of 0.05 to 0.30. Prior to the BET measurements, all the 
samples were degassed under vacuum for overnight at 150 °C.  
2.5 Sensor fabrication and gas-sensing tests 
For the gas-sensing tests, alumina substrates with Ag electrodes were used. To prepare the sensor, a certain amount 
of the pure ZnO or ZnO/MWCNTs composite powder was dispersed in ethylene glycol to form slurry. The slurry was 
subsequently deposited onto an alumina substrate using the doctor blade technique. The deposited film was then dried at 
200 °C for 1 h. The external wire and the gas sensor substrate were connected through a gold needle where one end of the 
needle was connected to the gas-sensor substrate while the other end was connected to an external wire. The change in 
resistance of the sensor was measured using Picotest M3500A digital multimeter and recorded by a computer. The 
temperature of the heater was controlled using the Omron G3PX-220EH instrument. The concentration of SO2 was 
controlled by nitrogen mixing and was measured using the Bacharach PCA3 portable gas analyzer. Air compressor was 
utilized to provide clean air into the chamber. The response of the sensor (S)  is defined as S= Ra/Rg, where Ra and Rg are 
the resistances measured in air and target gas, respectively. The schematic illustration and the digital photograph of our 
gas-sensing measurement system are given in Fig. S2a and b (Supporting Information), respectively. Furthermore, the 
digital picture of the ZnO/MWCNTs sensor is given in Figure S2c (Supporting Information). During the gas-sensing tests, 
the change of resistance was measured using the Picotest M3500A digital multimeter. The temperature of the heater was 
controlled using the Omron G3PX-220EH instrument. The resistance of the sensor was recorded by the computer. Prior to 
the test, the chamber was purged with highly pure nitrogen (99.9%) until the display showed 0 ppm of SO2. Once fully 
purged, SO2 gas is introduced into the chamber by mixing it with nitrogen gas and its concentration was controlled by 
tuning the nitrogen concentration in the mixing chamber, as measured using the Bacharach PCA3 portable gas analyzer. 
Air compressor was utilized to provide clean air into the chamber. The gas-sensing experiments were conducted at a 
relative humidity of 73-74%. The response of the sensor (S) is defined as S= Ra/Rg, where Ra and Rg are the resistances 
measured in air and target gas, respectively. A schematic illustration of the set-up of the gas-sensing measurement system 
is given in Fig. S2 (Supporting Information). 
 
3. Results and discussion 
3.1 Morphology and composition 
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The XRD pattern of the ZnO precursor sample obtained from the solvothermal reaction between zinc nitrate and 
glycerol in 2-propanol at 180 °C is shown in Fig. S3 (Supporting Information). The product can be indexed to a mixture of 
zinc hydroxide (Zn(OH)2) and zinc hydroxide carbonate (Zn5(OH)6(CO3)2).[42, 43] The thermogravimetric curve of this 
precursor sample reveals two main weight loss steps, with the first weight loss (6.10%) occurring at around 150 °C due to 
the removal of adsorbed water molecules and the second one (48.9%) occurring from around 300 °C, which is attributed 
to the decomposition of the zinc hydroxides to form ZnO (Fig. 1a). The complete transformation to ZnO can be achieved 
at a temperature of ~350 °C. Fig. 1b shows the XRD pattern of the calcined ZnO precursor sample at 350 °C, which 
reveals the presence of several diffraction peaks indexed to the (100), (002), (101), (102, (110), (103), and (112) planes of 
hexagonal wurztite ZnO (JCPDS No. 36-1451). No peaks due to impurities are observed in the calcined product, thus 
confirming the complete conversion to ZnO phase. 
In terms of morphology, the ZnO precursor particles exhibit 3D wool-ball-like structures, which are assembled of 
two-dimensional (2D) plate-like structures with relatively smooth surfaces. The average diameter of the ZnO precursor is 
around 7-8 µm and the thickness of the composing plates varies from 200-300 nm. Following calcination, the wool-ball-
like structure is well-retained; however the average diameter is slightly decreased to around 6 µm (Fig. 2b). Moreover, the 
TEM images depicted in Fig. 2d and e clearly reveal the porous nature of the synthesized wool-ball-like ZnO particles, 
which can be attributed to the decomposition of the organic constituents in the ZnO precursor particles during calcination. 
From Fig. 2c, it can be observed that the 2D plates (thicknesses ~200-300 nm) assembling the wool-ball-like structures are 
composed of many small hexagonal-shaped nanoparticles with sizes in the range of 50-60 nm (Fig. 2e). The HRTEM 
image of the hexagonal plate-like nanoparticles assembling the 3D wool-ball-like ZnO (Fig. 2f) shows clear lattice fringes 
with d-spacing of 0.28 nm, which correspond to the d-spacing of (100) plane of ZnO.  
In order to gain insight into the formation mechanism of the 3D wool-ball-like ZnO precursor particles, the effects 
of important parameters, such as reaction time and amount of glycerol were investigated. As depicted in Fig. S4a 
(Supporting Information), the product obtained at a short reaction time of 2 h consists of incompletely formed wool-ball-
like particles. Furthermore, some nanoparticles can be observed on the surface of these particles, suggesting that they are 
still in the midst of self-organizing into 2D plate-like sub-units which assemble the 3D wool-ball-like structures. As the 
reaction time is prolonged to 4-8 h, these small nanoparticles fused together to form plate-like sub-units, however, a few 
of them has not yet perfectly assembled to form the wool-ball-like structures (Fig. S4b and S4c, Supporting Information). 
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When the reaction time is further increased to 16 h, uniform and well-defined 3D wool-ball-like particles assembled by 
2D plate-like particles are obtained (Fig. S4d, Supporting Information). At this particular reaction time, the plates 
assembling the wool-ball-like structures are sufficiently separated from each other and more spaces are observed between 
them. As such, a reaction time of 16 h is identified as the optimum reaction time for obtaining well-defined 3D wool-ball-
like ZnO precursor particles. 
The role of glycerol in the formation of the 3D wool-ball-like ZnO precursor particles was also investigated as 
shown in Fig. S5 (Supporting Information). From Fig. S5a, it can be seen that in the absence of glycerol, cauliflower-like 
particles composed of connecting hemispheres are obtained. This phenomenon suggests that the solvent 2-propanol may 
play an important role in the formation of spherical particles which form the foundation of the 3D wool-ball-like 
structures. In the proposed reaction system, glycerol is important for promoting the self-assembly or organization of the 
2D plate-like sub-units into 3D wool-ball-like structures. This is particularly evident from the SEM images shown in Fig. 
S5b-d (Supporting Information), in which the increased addition of glycerol causes a gradual increase in the density of the 
plate-like sub-units to form more well-defined 3D wool-ball-like structures. Based on these results, a formation 
mechanism is proposed, as schematically illustrated in Fig. 2g. In the synthesis process, the mixing of glycerol with 2-
propanol results in the formation of a quasi-microemulsion.[44] As glycerol tends to self-aggregate in polar solvents such 
as 2-propanol, micro-heterogeneities are generated in the reaction system.[45, 46] Furthermore, glycerol might also be 
partly polymerized under solvothermal conditions, thus giving rise to emulsified spheres. The ZnO precursor (identified 
by XRD to Zn(OH)2 and Zn5(CO3)2(OH)6) nanoparticles, formed via the hydrolysis of zinc nitrate would crystallize and 
self-assemble to form 2D plate-like particles and with extended solvothermal treatment time, these plate-like sub-units 
would self-organize to form 3D wool-ball-like particles.  
The XRD patterns of the wool-ball-like ZnO following modifications with MWCNTs are given in Fig. 1a (ii-iv). It 
can be observed that the wool-ball-like ZnO/MWCNTs composites with different ratios (10:1. 5:1, and 3:1) exhibit 
similar XRD patterns as the pure wool-ball-like ZnO. As seen in Fig. 1a (v), the pure MWCNTs sample shows a major 
peak at 26°, which corresponds to the (002) plane of graphite.[47] The absence of the peak of MWCNTs in the XRD 
patterns of the wool-ball-like ZnO/MWCNTs composites is likely due to its small concentration (<5 wt%), and hence, was 
not detected by XRD. In this work, we used atomic percent for each composition and the conversion to the weight percent 
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of MWCNTs are 0.014%, 0.03%, and 0.04% for wool-ball-like ZnO/MWCNTs (10:1), (5:1), and (3:1) composites, 
respectively.  
The SEM images of the wool-ball-like ZnO precursor/MWCNTs (10:1) composite (Fig. 3a and 3b) shows some 
MWCNTs with diameters of ~40-50 nm which are attached on the surface of the wool-ball-like particles. Following 
calcination at 350 °C for 2 h, the MWCNTs become slightly diffused onto the surface of wool-ball-like ZnO, and few 
ZnO nanoparticles are attached on the walls of the MWCNTs (Fig. 3c). This is likely due to the functionalization process 
of MWCNTs, which generated carboxyl and hydroxyl groups on the surface of the MWCNTs, which may have attracted 
the MWCNTs to attach on the surface of the wool-ball-like ZnO particles. When the ZnO:MWCNTs ratio is increased to 
5:1 (Fig. 3d) or 3:1 (Fig. 3g), more MWCNTs can obviously be observed on the surface of the wool-ball-like particles and 
after the heat treatment, many ZnO nanoparticles become attached on the walls of the MWCNTs (Fig. 3e and 3f). 
The most interesting phenomenon, however is observed for the ZnO/MWCNTs (3:1) composite following 
calcination, in which many tiny nanorods with lengths and widths of 50-60 nm and 18-22 nm, respectively, can be seen 
protruding from the surface of the 2D plate-like sub-units which assemble the 3D wool-ball-like structures (Fig. 3h and 3i 
and Fig. 4a-e). Such a unique observation may be attributed to the catalytic effect of MWCNTs, which could accelerate 
the growth or promote the fusing of the small ZnO nanoparticles into many tiny nanorods during calcination.[48] The 
HRTEM image of a typical wool-ball-like ZnO/MWCNTs composite (Fig. 4f) indicates the presence of lattice fringes in 
the hexagonal-shaped ZnO nanoparticles with d-spacing of 0.28 nm, corresponding to the (001) plane of ZnO as well as 
the (002) plane of graphitic carbon in the MWCNT (d-spacing = 0.334 nm). To further confirm the composition of the 
wool-ball-like ZnO/MWCNTs composites, TEM-EDS analysis was carried out. The presence of Zn, O, and C elements 
can be clearly observed in all the composites, as depicted in Fig. S6a-l (Supporting Information). 
Surface area and porosity are key parameters which may affect the sensing performance of nanomaterials as they 
govern the availability of active sites for the adsorption of gas molecules and the rate of diffusion of gas molecules. Fig. 5 
presents the N2 adsorption-desorption isotherms of the 3D wool-ball-like ZnO and wool-ball-like ZnO/MWCNTs 
composites with different ratios of ZnO:MWCNTs. Evidently, all the samples exhibit type IV isotherms, which are 
characteristic of mesoporous materials. Based on our previous report, the MWCNTs has a high specific surface area of 
153.06 m2 g−1.[47] In comparison, the specific surface area of the wool-ball-like ZnO (30.5 m2 g−1) is considerably lower 
than the MWCNTs. The presence of MWCNTs can increase the adsorption of the wool-ball-like ZnO, leading to an 
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increase in surface area. Specifically, the BET specific surface area values of the ZnO/MWCNTs (10:1), (5:1), and (3:1) 
composites are 42.1, 53.0, and 58.3 m2 g−1, respectively.  
 
3.2 Gas-sensing performance 
Inspired by the unique wool-ball-like morphology of the ZnO/MWCNTs composites, we have tested them as 
sensing materials for the detection of toxic SO2 gas, which is one of the most common air pollutants. The operating 
temperature is one of the most significant factors affecting the gas-sensing performance as it determines the mobility of 
electrons and hence, the conductivity of the material.[49] Fig. 6a shows the variations in responses of the wool-ball-like 
ZnO and wool-ball-like ZnO/MWCNTs sensors to 70 ppm of SO2 with increasing operating temperatures from 150° to 
400 °C. It can be observed that the pure wool-ball-like ZnO sensor does not show any response to SO2 gas up until the 
temperature reaches 250 °C, where it shows a high sensing response of 74.08. The response of the pure wool-ball-like 
ZnO sensor continues to increase with the increase in temperature before it reaches a maximum value of 150.6 at 350 °C.  
However, with a further increase in temperature to 400 °C, the response decreases to 102.6, suggesting that the surface 
desorption process of SO2 gas becomes the more dominant reaction at such temperatures.  
In comparison to the pure ZnO sensor, the wool-ball-like ZnO/MWCNTs (10:1) sensor exhibits an already high 
response of 56.4 to 70 ppm of SO2 at a low temperature of 200 °C, and the response gradually increases until it reaches a 
maximum value of 220.8 at an optimum operating temperature of 300 °C. This response value is approximately three 
times higher than that of the pure wool-ball-like ZnO sensor at 300 °C. When the operating temperatures were raised to 
350 °C and 400 °C, the responses sharply decrease to 99.7 and 28.7, respectively. Interestingly, the addition of more 
MWCNTs does not necessarily improve the sensing response but rather decreases the response, although both wool-ball-
like ZnO/MWCNTs (5:1) and (3:1) sensors display some response to 70 ppm of SO2 at 150 °C, while the pure wool-ball-
like ZnO sensor does not show any response. The wool-ball-like ZnO/MWCNT (5:1) composite shows a moderate 
sensing response of 31.2 to 70 ppm of SO2 at an optimum operating temperature of 300 °C, while the ZnO/MWCNT (3:1) 
composite displays a relatively low response of 6.75 at an optimum operating temperature of 350 °C. 
Fig. 6b displays the responses of the wool-ball-like ZnO and wool-ball-like ZnO/MWCNTs sensors to different 
concentrations of SO2 at 300 °C. Evidently, the pure wool-ball-like ZnO sensor shows only slightly different responses 
with different SO2 concentrations, which suggests the occurrence of surface saturation. In comparison, regardless of the 
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ratios of ZnO:MWCNTs, all the ZnO/MWCNTs sensors exhibit similar sensing behaviors, in which the response 
increases with the increase in SO2 concentration. At a low SO2 concentration, the response is lower because only a small 
amount of SO2 interacts with the active sites on the surface of the wool-ball-like ZnO/MWCNTs particles. However, as 
the SO2 concentration is increased, more SO2 gas molecules are adsorbed on the surface, leading to a higher sensing 
response. Among the composite sensors, the wool-ball-like ZnO/MWCNTs (10:1) sensor shows the best sensing 
performance, with the response values being 73.4, 123.8, 144.7, 203.7, 220.8, and 270.5 to 2, 10, 30, 50, 70, and 100 ppm 
of SO2, respectively. The fact that the sensing response of this composite sensor is still very high at 2 ppm of SO2 suggests 
that this sensor is likely to have detection limit in the tens or hundreds of ppb level. In contrast, both ZnO/MWNCTs (5:1) 
and (3:1) sensors show worse performance than the pure ZnO sensor. This is because in the fabricated ZnO/MWCNTs 
composites, ZnO is the main sensing material and the increased amount of MWCNTs may cover or reduce the active sites 
available for the adsorption of gas molecules on the surface of the wool-ball-like ZnO particles, leading to a poorer 
sensing performance. The effect of relative humidity on the SO2 sensing performance of the ZnO/MWCNT (3:1) sensor is 
presented in Fig. S7 (Supporting Information). Evidently, the sensing response gradually decreases with increasing 
humidity. This may be attributed to the increased presence of moisture adsorbed on the ZnO surface at higher humidity 
level which can inhibit the adsorption of oxygen and SO2 molecules, thereby lowering the overall sensing response.[10, 
33] 
The response time is defined as the time required by the sensor to reach 90% of its maximum response following an 
exposure to a particular gas, whereas the recovery time is defined as the time required for the sensor to reach 90% of its 
original conductance following removal of the gas. The dynamic response-recovery curves of the pure wool-ball-like ZnO 
and wool-ball-like ZnO/MWCNTs sensors to various concentrations of SO2 (from 2-100 ppm) at 300 °C are given in Fig. 
S8 (Supporting Information). Evidently, all the sensors exhibit the typical n-type sensing behaviors, whereby the 
resistance decreases as SO2 gas is introduced and subsequently decreases as the gas is removed. The response time values 
of the pure wool-ball-like ZnO sensor to 2, 10, 20, 30, 50, 70, and 100 ppm of SO2 are 255, 250, 195, 190, 175, and 180 s, 
respectively (Fig. 6c). In comparison, the response time values for the wool-ball-like ZnO/MWCNTs (3:1) composite are 
330, 250, 210, 255, 205, and 235 s, respectively, while the response time values for the ZnO/MWCNTs (5:1) composite 
are 70, 95, 90, 50, 60, and 100 s, respectively. Among these sensors, the ZnO/MWCNTs (10:1) composite exhibits the 
fastest response speed with the values being 65, 60, 50 40, 60, and 45 s to 10, 20, 30, 50, 70, and 100 ppm of SO2, 
AC
CE
PT
ED
 M
AN
US
CR
IPT
13 
 
respectively. On the other hand, the trend in recovery time is in the order of: pure ZnO < ZnO/MWCNTs (10:1) < 
ZnO/MWCNTs (5:1) < ZnO/MWCNTs (3:1), as shown in Fig. 6d. In previous reports, pristine MWCNTs sensors have 
been reported to suffer from sluggish response and/or recovery time(s).[38, 50] However, in this study, the wool-ball-like 
ZnO/MWCNTs (10:1) sensor shows fast response speed with acceptable recovery time. The improved response/recovery 
speed of this composite sensor may be attributed to the synergistic effect between the ZnO and MWCNTs which could 
accelerate the kinetics of surface adsorption of O2 and SO2 molecules during the sensing process.[51]  
Stability is another crucial parameter in gas-sensing as it determines the long-term operation potential of the sensor. 
As such, we investigated the sensing performance of the wool-ball-like ZnO/MWCNTs (10:1) sensor once a day for 7 
consecutive days. As evident in Fig. 7a, the fabricated ZnO/MWCNTs (10:1) sensor shows a high stability for SO2 gas 
detection as the change in its resistance follows a relatively similar pattern each day and no significant drop in the sensing 
performance is observed. Apart from exhibiting high stability, an ideal sensing material has the capability to selectively 
detect a particular gas when it is exposed to an environment containing several gases with nearly identical 
physicochemical properties. Fig. 7b displays the selectivity test results of the pure wool-ball-like ZnO and wool-ball-like 
ZnO/MWCNTs sensors to 50 ppm of different gases, including CO, CO2, SO2, methanol, hexane, xylene, and toluene, at 
300 °C. Evidently, the pure wool-ball-like ZnO sensor still exhibits some cross sensitivity to CO and CO2 gases, and 
therefore, its selectivity is not as satisfactory. Similarly, the wool-ball-like ZnO/MWCNTs (5:1) and (3:1) sensors also do 
not show satisfactory selectivity to SO2 as the response is roughly only double of those of other gases. However, unlike 
these sensors, the wool-ball-like ZnO/MWCNTs (10:1) sensor displays excellent selectivity to SO2 gas as the response to 
SO2 (50 ppm) is approximately 7-14 times higher than the responses to other gases at a similar concentration level. The 
improved selectivity of the ZnO/MWCNTs composite may be attributed to the presence of functional groups (carboxyl 
and hydroxyl) on the surface of the MWCNTs following the functionalization process, which assisted in the screening of 
multiple analytes.[51] Table 1 compares the SO2 sensing performance of the fabricated wool-ball-like ZnO/MWCNT 
(10:1) composite against previously reported semiconducting metal oxide nanostructures. It is evident from this table that 
the wool-ball-like ZnO/MWCNTs (10:1) composite shows significantly better SO2 sensing performance than previous 
sensors made of pure and Ag-loaded WO3,[52, 53] pure and V2O5-loaded SnO2,[54, 55] as well as 1D MCo2O4 (M = Ni, 
Cu, Zn) nanostructures.[56] 
3.3 Gas-sensing mechanism 
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In this study, all the sensors including the wool-ball-like ZnO/MWCNT sensors exhibit n-type sensing behavior, 
where the resistance decreases following exposure to a reducing gas such as SO2. As discussed earlier, ZnO is the main 
sensing material in the wool-ball-like ZnO/MWCNTs sensors and as such, the composite sensors follow the behavior of 
ZnO, which is an n-type sensing material. A schematic illustration of the gas-sensing mechanism of the wool-ball-like 
ZnO sensor is given in Fig. 8a. In the case of pure ZnO sensor, the interaction between the ZnO surface and SO2 gas 
mainly occurs through chemisorption, which involves the oxygen ionosorption process. The chemisorption of oxygen (O2) 
typically starts at 75 °C, because at such temperature, oxygen has sufficient energy to overcome the activation energy. 
Below 150℃, O2 will adsorb on the surface, dissociate, and ionized by taking electron(s) from the conduction band of ZnO 
to form O2−. In the temperature range of 150-200 ℃, O2‒ starts to disappear and O‒ becomes the predominant oxygen 
species. When temperature is raised above 200 ℃, O‒ gradually disappears and O2‒ becomes more pronounced on the 
surface of ZnO.[10, 57-59] The overall process can be represented by the following equations: 
                                                                  O2 (gas) ⇔ O2 (ads)                                                                             (1) 
                                                              O2 (ads) + e− ⇔ O2− (ads)                                                                       (2) 
                                                             O2− (ads) + e− ⇔ 2O− (ads)                                                                                                               (3) 
                                                                  O− + e− ⇔ O2− (ads)                                                                                                                       (4) 
As electrons are taken from ZnO during the chemisorption of oxygen, an electron depletion layer is created which 
increases the resistance of ZnO. Next, when SO2 is introduced into the chamber, it adsorbs on the surface of ZnO and 
mostly interacts with O2− (the predominant oxygen species at 300 ℃, which is our optimum operating temperature) to 
form SO3, according to Eq. 5[1, 57]: 
                                                        SO2 + O2− (ads) → SO3 + 2e−                                                                (5) 
This reaction releases electrons back to the conduction band of ZnO, thus narrowing the depletion layer, which in turn 
decreases the overall resistance of the sensor. Following exposure to air, oxygen chemisorption occurs and the resistance 
of the ZnO sensor returns to the original baseline value. Our previous density functional theory (DFT) study has 
demonstrated the strong adsorption of SO2 on ZnO(0002) surface by forming chemical bonding with O atom on the 
surface of ZnO to form SO3, whereas gases such as CO2 and NO only physically adsorbed or bound to the surface of 
ZnO.[60] The formation of SO3 has also been observed experimentally in our previous work, in which sulfuric acid 
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originating from the reaction between SO3 and water vapour was detected in the exhaust of the gas sensor instrument 
during the sensing test.[61] 
The enhanced sensing performance of the wool-ball-like ZnO/MWCNTs (10:1) composite compared to the pure 
wool-ball-like ZnO sensor may be attributed to several factors. First, the combination of MWCNTs with ZnO leads to a 
larger surface area as seen in Fig. 5 and this facilitates the creation of more active sites for the adsorption of gas 
molecules. Second, the small ZnO NPs assembling the wool-ball-like structures may provide a spillover effect (similar to 
metal nanoparticles) which can enhance the adsorption, dissociation, and migration of gas molecules. Third, the presence 
of functional groups on the surface of MWCNTs introduced via covalent functionalization during the synthesis process 
may help to create defect sites, which in turn, provide additional sites for the adsorption of O2 and SO2 molecules. This 
explanation is supported by a previous report which demonstrated the superior sensitivity of carboxyl and hydroxyl-
modified CNTs to SO2 when compared with pristine CNTs, as a result of the  increased number of defect sites.[51] 
 Furthermore, MWCNTs have been reported to behave like a p-type semiconductor with holes as the major charge 
carriers, whereas ZnO acts as an n-type semiconductor with electrons as the major charge carriers. Therefore, many p-n 
heterojunctions are formed at the ZnO/MWCNTs interfaces (Fig. 8b).[38, 62] In addition, the lower work function (φ) of 
MWCNTs (φCNT = 4.7– 4.9 eV) compared to ZnO (φZnO = 5.1–5.4 eV) leads to the formation of Ohmic contacts 
between ZnO and MWCNTs.[38, 40, 63] However, as the difference in their work functions is relatively small, the 
interfacial barrier between these two materials is rather low. Due to the creation of a p-n heterojunction, as well as the 
lower work function of MWCNTs relative to ZnO, electrons will energetically transfer from the conduction band of ZnO 
to MWCNTs and holes will flow from MWCNTs to ZnO, until the formed built-in potential prevents further flow of 
electrons and holes.[38, 62] Hence, the hole concentration in the MWCNTs and electron concentration in ZnO will be 
reduced. Accordingly, the width of the hole accumulation layer in the MWCNT will be decreased underneath the ZnO, 
and the hole conduction channel is greatly decreased.[38] Consequently, this results in a major increase in the resistance 
of the MWCNTs. In the presence of air, the hole accumulation layer is heavily suppressed by the ZnO. However, when 
SO2 gas is introduced, it will be enlarged, and the electrical resistance decreases owing to the easy flow of the hole 
carriers. However, the ratio of resistance changes is far greater for the ZnO/MWCNTs (10:1) sensor compared to the 
pristine ZnO sensor, which therefore, leads to a much higher sensing response.  
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4. Conclusions 
In summary, this study reports the facile synthesis of hierarchical 3D wool-ball-like ZnO nanostructures using a 
glycerol-assisted solvothermal method for followed by a subsequent calcination in air at 350 °C. Glycerol is found to play 
an important role in promoting the self-assembly of the 2D plate-like sub-units into 3D wool-ball-like particles as the 
increase in the amount of glycerol leads to a gradual increase in the density of the plate-like sub-units to form more well-
defined 3D wool-ball-like structures. Following modifications with MWCNTs, MWCNTs with an average diameter of 
around 80 nm are attached on the surface of the wool-ball-like ZnO particles. However, a very interesting phenomenon is 
observed with the wool-ball-like ZnO/MWCNTs (3:1) composite, in which numerous small nanorods grew on the surface 
of the 2D plate-like sub-units which assemble the 3D wool-ball-like particles. The formation of these small nanorods may 
be contributed by the catalytic effect of MWCNTs, which could accelerate the growth or promote the fusing of the small 
ZnO nanoparticles into nanorods during heat treatment. When evaluated for SO2 sensing, the wool-ball-like 
ZnO/MWCNTs (10:1) composite shows the highest sensing performance among all the tested sensors, with the response 
being as high as 221 when exposed to 70 ppm of SO2 at an optimum temperature of 300 °C. This response value is 
roughly three times higher than that of the pure wool-ball-like ZnO sensor. In addition, the wool-ball-like ZnO/MWCNTs 
(10:1) composite also displays high stability and good selectivity to SO2 with the response to SO2 being 7-14 times higher 
than the responses to other tested gases at a similar concentration of 50 ppm. The significant improvement in the sensing 
performance of the wool-ball-like ZnO/MWCNTs (10:1) composite compared to the pure wool-ball-like ZnO is largely 
due to two main factors: (i) the formation of p-n heterojunctions at the ZnO/MWCNTs interfaces, which greatly enhance 
the ratio of resistance changes of the composite sensor upon exposure to SO2 gas and (ii) the increased amount of active 
sites available for the adsorption of gases owing to the larger surface area of the composite and the presence of defect sites 
on the surface of the MWCNTs introduced through the functionalization process. 
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FIGURE CAPTIONS 
Fig. 1. (a) Thermogravimetric analysis (TGA)-differential scanning calorimetric (DSC) curves of the ZnO precursor 
particles from room temperature to 800 °C under an air atmosphere. (b) XRD patterns of (i) standard JCPDS No. 36-1451 
for wurtzite ZnO, (ii) pure wool ball-like ZnO and wool ball-like ZnO/MWCNTs composites with ZnO:MWCNTs ratios 
of (iii) 10:1, (iv), 5:1, and (v), 3:1, and (vi) 0:1 (pure MWCNTs). 
 
Fig. 2. SEM images of (a) 3D wool-ball-like ZnO precursor obtained from the solvothermal reaction between zinc nitrate 
and glycerol in 2-propanol at 180 °C for 16 h. (b) Low and (c) high-magnification SEM images of the 3D wool ball-like 
ZnO particles achieved by the calcination of the wool-ball-like precursor particles at 350 °C for 2 h (inset showing the 
plate-like sub-unit which is assembled of many small nanoparticles). (d) Low and (e) high-magnification TEM, and (f) 
HRTEM  images of the porous 3D wool-ball-like ZnO particles. (g) Schematic illustration showing the proposed 
formation mechanism of the wool-ball-like ZnO precursor particles.  
 
Fig. 3. SEM images of the 3D wool-ball-like ZnO precursor/MWCNTs composites with ratios of (a) 10:1, (d) 5:1, and (g) 
3:1, obtained using the proposed solvothermal approach at 180 °C for 16 h. The corresponding SEM images of the porous 
3D wool-ball-like ZnO/MWCNTs composites with ratios of (b, c) 10:1, (e, f) 5:1, and (h, i) 3:1 achieved through the 
calcination of the wool-ball-like ZnO precursor/MWCNTs (10:1), (5:1), and (3:1) composites, respectively, in air at 350 
°C for 2 h, under a slow heating rate of 1 °C min−1. 
 
Fig. 4. (a) Low and (b) high-magnification SEM images of the wool-ball-like ZnO/MWCNTs (3:1) particle. (c, d)  High 
magnification SEM images showing the growth of many tiny nanorods on the 2D plate-like sub-units assembling the 3D 
wool-ball-like ZnO as well as the MWCNTs attached to the surface of the wool-ball-like ZnO. (e) TEM and (f) HRTEM 
images of the wool-ball-like ZnO/MWCNTs (3:1) composite particles. 
 
Fig. 5. Nitrogen (N2) adsorption-desorption isotherms of (a) wool-ball-like ZnO and wool-ball-like ZnO/MWCNTs 
composites with ZnO:MWCNTs ratios of (b) 10:1, (c) 5:1, and (d) 3:1. 
 
Fig. 6. (a) Responses of the wool-ball-like ZnO and wool-ball-like ZnO/MWCNTs sensors to 70 ppm of SO2 gas at 
different operating temperatures from 150-400 °C. (b) Responses of the wool-ball-like ZnO and wool-ball-like 
ZnO/MWCNTs sensors to different concentrations of SO2 at 300 °C. (c) Response time different concentrations of SO2. 
 
Fig. 7. (a) Stability test results of the ZnO wool-ball-like/MWCNTs (10:1) sensor to 50  ppm of SO2 for 7 consecutive 
days and (b) selectivity test results of the pure wool-ball-like ZnO and wool-ball-like ZnO/MWCNTs composites to 50 
ppm of various gases at 300 °C.  
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Fig. 8. Schematic ilustration showing the possible sensing mechanisms of (a) wool-ball-like ZnO and (b) wool-ball-like 
ZnO/MWCNTs composite. 
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Table 1. Comparison of the SO2 sensing performance of the pure wool-ball-like ZnO and wool-ball-like ZnO/MWCNTs 
(10:1) sensors against previously reported sensors based on semiconducting metal oxide nanostructures. 
 
Sensing material Toptimum (°C) Concentration (ppm) S (Ra/Rg or Rg/Ra) Ref. 
Wool-ball-like ZnO/MWCNTs  
(10:1) composite 
300 70 221 This work 
Wool-ball-like ZnO 350 70 151 This work 
Unloaded WO3  350 200 3.00 [52] 
Unloaded WO3 400 800 12.0 [53] 
SnO2 nanoparticles 300 500 6.00 [54] 
ZnO microflowers 260 100 30.4 [64] 
CuCo2O4 nanotubes 300 400 41.0 [56] 
ZnCo2O4 nanotubes 300 400 2.83 [56] 
NiCo2O4 nanotubes 300 400 3.78 [56] 
WO3/Ag (1.0 wt%) 450 800 21.5 [53] 
Pt-loaded WO3 200 1 5.90 [65] 
SnO2/V2O5 (0.15 wt%) 350 100 70.0 [55] 
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